We have investigated the individual magnetic moments of Ni, Mn and Tb atoms in the intermetallic compound TbNi2Mn in the Laves phase (magnetic phase transition temperature TC ∼131 K) by X-ray magnetic circular dichroism (XMCD) studies at 300 K, 80 K and 20 K. Analyses of the experimental results reveal that Ni atoms at 20 K in an applied magnetic field of 1 T carry an intrinsic magnetic moment of spin and orbital magnetic moment contributions 0.53±0.01 μB and 0.05±0.01 μB, respectively. These moment values are similar to those of the maximum saturated moment of Ni element. A very small magnetic moment of order Keywords dichroism, direct, evidence, ni, magnetic, moment, tbni2mn, x, ray, circular
Introduction
Transition-metal (TM) and rare-earth (RE) magnetic compounds continue to be a subject of interesting and extensive investigations as they have been for many decades. 1, 2 The competition among the interactions of rare earth elements (R-R), rare earth and transition metal (R-T) and transition metal elements (T-T) can trigger new phenomena; this in turn leads to the prospect of new technological applications such as the magnetocaloric effect [3] [4] [5] [6] and giant magnetostriction properties. 7 One of the well-established fundamental models is the disappearance of the magnetic moment of nickel in RE-Ni 2 compounds as a result of the filling up of the Ni 3d band by the outershell electrons of the RE elements. [8] [9] [10] This paradigm, supported by neutron diffraction and band calculations, has generally been accepted in the magnetism research society until the observation of The first report of a new class of TM-RE magnetic compound RNi 2 Mn (R = Tb, Dy, Ho, and Er) 13 has attracted great interest in the study of the magnetic structure and properties of these new magnetic compounds. This class of materials normally crystallizes in the MgCu 2 -type Laves phase (C15 space group Fd-3m). 13 However, a different phase of structure (C15b space group F-43m) has also been reported for TbNi 2 Mn by Mushnikov et al. (2009) . 14 Among this group of materials (including TbNi 2 and TbMn 2 ), TbNi 2 Mn has been shown to exhibit the largest magnetic ordering temperature (T c ~ 131 K to T c ~ 151 K) and to exhibit a second order magnetic phase transition. 15 The high magnetic transition temperature observed in this class of materials does not follow de Gennes rule alone and indicates possible contributions from R-T and/or T-T interactions due to nonzero magnetic moment from Ni and Mn transition elements. 
Experiment
The TbNi 2 Mn alloy was prepared by argon arc-melting the starting elements with purities of at least 99.9%. The constituents were melted in the stoichiometric ratio of 1:2:1, plus an excess of Mn (less than 5%) to compensate the Mn evaporation during the arc-melting and the subsequent annealing processes. The structure was characterised by x-ray powder diffraction (XRD) on a Rigaku Rint-2400 diffractometer with CuK α radiation of wavelength 1.5418 Å and the single phase nature of the sample with its MgCu 2 -type structure confirmed. 13 The chemical compositions of the TbNi 2 Mn sample were determined by energy dispersive spectroscopy (EDS) and found to be Tb 25.3±0.6 %, Ni 51.2±0.6 %, and Mn 24.6±0.6 %, thus confirming the 1:2:1 stoichiometry within the experimental error. 13 The temperature dependence of the magnetization as well as the hysteresis loops were measured in a superconducting quantum interference device (SQUID) magnetometer and in an extraction-sample magnetometer. Detailed structural information and magnetic properties of the TbNi 2 Mn sample, which has a magnetic ordering temperature of T c = 131 K, are provided in reference. 13 The XMCD experiment was conducted at the BL11A Dragon beam line at the National Synchrotron Radiation Research Centre in Taiwan. 16 Measurements were performed at three sample temperatures of T = 20 K, 80 K, 300 K with an applied magnetic field of B = 1 T. The size of the rectangularly shaped polycrystalline sample is ~ 2x2x5 mm 3 . One of the surfaces parallel to the longer dimension was polished with superfine waterproof P1200 sandpaper followed by ultrasound cleaning in acetone first and then methanol each for about 10 minutes. The sample is then installed inside an ultra-high vacuum chamber immediately after the cleaning procedure and followed by pumping down the vacuum chamber within 20 minutes.
The external magnetic field was applied along the longer direction (labelled the y-axis) and in the polished surface plane. The propagation direction of the incident circular polarized light (about 85% polarisation) was 30 o with respect to the magnetic field direction. The total electron yield mode was used for the measurements of x-ray absorption spectra (XAS). The x-ray magnetic circular dichroism spectra were derived from the difference of the spin-resolved XAS with the magnetic field direction either parallel or antiparallel to the y-axis in the sample plane after background subtraction. 17 The net orbital and spin moments were derived using the well-known sum rules for x-ray magnetic circular dichroism. 18, 19 For Ni and Mn, the sum rule corresponding to the L 2,3 edge was used with the <Tz>/<Sz> term being neglected as the expectation value of the magnetic dipole operator <Tz> is usually very small with respect to the expectation value of the spin operator <Sz> for 3d transition metals. 19 The effective numbers of 3d holes n h Ni =1.59 and n h Mn = 4.5 for Ni and Mn, respectively, were taken based on band structure calculations. 20, 21 For Tb, the sum rule corresponding to the M 4,5 edge was used with <Tz>/<Sz> = -0.08 and n h Tb = 6 from band structure calculations. 22 The estimated uncertainty of the derived magnetic moment values is about 0.01 μ B ; this is due primarily to the errors in light polarization and background subtraction. The potential for a signal due to oxidation of the top one or two monolayers of the sample could not be excluded. However the measurement should mainly probe the bulk properties of the alloy as the probe depth of the total electron yield is in the order of 10 nm.
Results and Discussions
The Ni, Mn and Tb isotropic x-ray absorption spectra and x-ray magnetic circular dichroism spectra for TbNi 2 The observed Ni 2p XAS and XMCD spectra as shown in Figure 1 are generally consistent with the existing atomic multiplet calculations in a crystal field with local octahedral symmetry for free Ni 2+ ion with initial 3d 8 and final 2p3d 9 configurations. 23, 24 Coulomb, spin-orbit, exchange interactions and interatomic screening and states mixing effects were included in the calculations for both initial and final states. The calculated spectra with crystal field strengths larger than 1 eV approached the experimental observations for TbNi 2 Mn. The 17 eV splitting between the peaks A and D corresponds to the L 2 and L 3 separation due to the large core-hole spin-orbit interactions. 23 The splitting between peaks A and B is a measure of the 2p hole and 3d electron exchange interaction. 24 The measured splitting between peaks A and B in the TbNi 2 Mn compound is 1.75 ± 0.06 eV which is less than the values of 2.0 eV and 1.9 eV observed for trevorite and NiO respectively, 24 While these multiple structures also appear in the XMCD spectrum for Ni electrons in TbNi 2 Mn (Figure 1(b) ), the shape of the XMCD spectrum is found to be very similar to that measured on a Ni(111) single crystal. 27 The present derived spin and orbital magnetic moment using XMCD sum The fact that Ni atoms carry larger magnetic moments in TbNi 2 Mn provides direct evidence that there exists strong Ni-Ni and Tb-Ni exchange interactions as mentioned in ref. [15] . For Mn, the present XAS and XMCD spectra ( Figure 2) The XAS and XMCD spectra for Tb as shown in Figure 3 , agree well with the full multiplet calculations in intermediate coupling using the t-matrix approach for the Tb 3d → 4f transition [30] .
The observed multi-structures of A, B, C, D, and E in the XAS correspond well to the calculated multiplet structures from the strong core-valence exchange interactions. 30 The XMCD spectra for Ni, Mn and Tb in the TbNi 2 Mn compound have been measured at 300 K, 80 K and 20 K; these temperatures were chosen following the temperature dependent magnetization studies which indicate a magnetic transition temperature of T C ~ 131 K. 13 Figure 4 shows the XMCD spectra of Ni, Mn and Tb at these three temperatures (as an aid to comparison the Table I for the three elements. The XMCD signal observed at room temperature is reduced significantly compared with the spectra at low temperatures for all three elements. Considering the error bar of 0.01 μ B , no magnetic moment has been detected at room temperature, apart from the small value of
Ni spin moment at this temperature (Table I) . Table   I . Such a moment is surprisingly small for a ferromagnetic state; this result suggests that the Mn magnetic moment may be antiparallel across the 8a and 16d sites for which approximately equal occupancy has been found through x-ray diffraction. 13 If Mn atoms at these two sites are ordered in opposite directions, then XMCD will only be able to detect the small amount of net moment even though a moment as large as 1.4 μ B has been reported by neutron diffraction 14 which is, of course, used to determine the full magnetic moment from the antiferromagnetic state. Antiparallel magnetic coupling of Mn across the two sublattices (z=1/8, 5/8 and 3/8, 7/8) at the 16d sites has been observed in TbMn 2 by neutron diffraction. 32 As reflected by the XMCD spectra for Tb (Figure 4(c) ), the measured magnetic moment is found to increase on decreasing the sample temperature from room temperature to 20 K (Table I) .
However, even at 20 K, the detected magnetic moment for Tb is only about 6% of the maximum saturated value of 9.0 μ B /atom. The present XMCD spectra indicate that the Tb magnetic moment is aligned in the same direction as that of Ni as evidenced by the net negative area at the M 5 edge in the XMCD spectra ( Figure 3) . This behaviour appears contradictory to the general picture of anti- that XMCD spectra may result in the wrong sign -and hence the orientation of the magnetic moment with respect to the magnetisation direction -for some rare earths such as Gd, Tb, Er and Nd. As outlined by Chaboy et al. 33 , this incorrect identification of the moment direction occurs when the 5d polarization of these rare earths is due to the intra-atomic 4f-5d exchange, and stems from the spin dependence of the matrix elements previously neglected 34 and is associated with the radial part of the wave functions for the 5d conduction electrons 35 . It is noted that the question of the alignment between the Tb and Ni moments in TbNi 2 Mn should be investigated further. 
Summary
Significant values of Ni magnetic moments in the intermetallic compound TbNi 2 Mn of the 
